The purpose was to assess objectively and quantitatively the hemodynamic status and the degree of functional erectile impairment in a group of impotent patients. A clinical study was designed, incorporating pharmacocavernosometry (to evaluate arterial and veno-occlusive function) with axial buckling forces and penile geometry measurements in a group of impotent patients. The pressure gradient between the intracavernosal pressure associated with the presence of penile axial rigidity and the equilibrium intracavernosal pressure was calculated (axial rigidity gradient, ARG); such methodology allowed a quantitative characterization of functional impairment, as ARG expresses the intracavernosal pressure increase necessary to achieve axial rigidity and therefore potency. Penile geometry characteristics were also expressed by calculating the penile aspect ratio (diameter/length, D/L). In 83 consecutive patients tested (mean age 42.89 7 9.96), rigidity occurred at intracavernosal pressures between 50 and 100 mm Hg. A conversely proportional relation was noticed between penile aspect ratio values and the intracavernosal pressure associated with rigidity values, clearly demonstrating the important functional role of penile geometry. ARG demonstrated a wide range of values (3-69 mm Hg), reflective of the severity of the erectile dysfunction on each patient. Half (50.6%) of the patients had ARG values r20 mm Hg, indicative of minimal and minimal-to-moderate erectile impairment, while 20.48% had ARG between 21-30 and 28.92% 430 mm Hg, indicative of moderate and severe erectile dysfunction (ED) respectively. In all, 6% of the study group, all of them with primary ED, ARG o20 mm Hg had normal hemodynamics, but low penile aspect ratio values indicating that penile geometry may be the cause of insufficient rigidity. Hemodynamic integrity is the most critical, but not the only determinant of penile rigidity, as erectile impairment may be noticed in patients with normal arterial inflow and corporal venoocclusive function. In such cases, unfavorable penile geometry should be considered as the possible etiological factor of impotence.
Introduction
It is well established that the arterial inflow into the hypogastric-cavernous bed and the veno-occlusive function are the two determinants of equilibrium intracavernosal pressure. 1 Based on such knowledge, it was assumed that normal hemodynamics predict the presence of a rigid erection during sexual stimulation, while presence of arterial impairment and/or corporal veno-occlusive dysfunction indicates inadequate penile rigidity and erectile dysfunction (ED).
Impotence, however, is defined as the consistent inability to achieve and maintain an erection adequate to permit satisfactory sexual performance. 2 Interpreting this definition, potency F the ability to attain and maintain a functional/rigid erectionF is best characterized by the presence of axial rigidity, rather than hemodynamic parameters such as intracavernosal pressure. [3] [4] [5] [6] Moreover, a recent clinical study has shown that a functional/rigid erection is not always associated with normal hemodynamics, as it may coexist with some degree of vascular impairment in terms of arterial insufficiency and/or corporeal veno-occlusive dysfunction. 7 Such observations lead to the hypothesis that hemodynamic integrity may not always indicate the presence of a functional/rigid erection; therefore, other factors may also contribute to penile rigidity.
The disparities between penile rigidity and hemodynamic erectile responses have been studied in an engineering investigation by Udelson et al, [4] [5] [6] determining penile hemodynamic and structural dynamic relationships. The authors detected the three major constituents of penile rigidity: (a) intracavernosal pressure, (b) expandability of the erectile tissue, implying the ability of the corpora to achieve its erect volume at low intracavernosal pressures and (c) penile geometry, as expressed by the ratio between penile diameter and length (penile aspect ratio ¼ D/L). Taking advantage of the above observations, the objective of the present study was to develop a clinical methodology for the assessment of the combined effect of all factors affecting penile rigidity, distinguishing different degrees of functional impairment and thus, characterizing F for the first time objectively and quantitatively F the potency status of a group of impotent patients, who were evaluated for ED.
Patients and methods
The study sample comprised impotent patients who underwent hemodynamic testing as part of their erectile dysfunction diagnostic evaluation, during the study period. According to the standard diagnostic algorithm at our Department, only ED patients with free medical history undergo invasive hemodynamic testing. All patients had no previous ED diagnosis or treatment (naive patients). The objective was to identify a group of impotent patients, who, by virtue of their pharmacologically induced erectile response, cannot achieve a functional erection according to the following inclusion criteria: (a) history of impotence for at least 6 months, (b) absence of neurogenic disease, (c) absence of Peyronie's disease or congenital penile deviation, as in such patients axial loading forces may undergo regional redistribution, and (d) absence of axial rigidity at steady-state equilibrium intracavernosal pressure, measured under conditions of complete trabecular smooth muscle relaxation.
Hemodynamic evaluation
All patients underwent pharmacocavernosometry, according to a methodology previously described. 1 Briefly, erection was induced by intracavernosal administration of 1-ml tri-mix (30 mg papaverine, 1 mg phentolamine and 10 mg prostaglandin E1). In order to evaluate the level of trabecular smooth muscle relaxation, flow-to-maintain (FTM) values were determined for steady-state intracavernosal pressures of 30, 60, 90, 120 and 150 mmHg, depending upon the equilibrium intracavernosal pressure value achieved. In cases where pressure/ flow relations were not linear, redosing was performed using the same volume and drug combination, in order to achieve complete trabecular smooth muscle relaxation. 1 Patients with nonlinear pressure/flow relations after redosing were excluded from further analysis. Under these controlled conditions, the following parameters were recorded: steady-state equilibrium intracavernosal pressure (ICP eq , in mmHg), FTM (ml/min) at intracavernosal pressures 30, 60, 90, 120, 150 mmHg, depending upon the equilibrium intracavernosal pressure achieved after redosing, pressure decay values from an initial intracavernosal pressure of 150 mmHg during a 30 s period (P decay , mmHg), as well as the gradients between left (G l , mmHg) and right (G r , mmHg) brachial and cavernosal systolic arterial blood pressures (brachial systolic arterial pressure minus cavernosal systolic arterial pressure).
Penile geometry assessment
Penile circumference (C in cm) and penile length (L in cm) were measured by a metric ruler at the flaccid state (C fl and L fl , respectively), as well as at the rigid state at intracavernosal pressure of 150 mmHg (L rig and C rig , respectively). Penile length was measured from the pubic bone to the middle of the glans penis. Additionally, the penile aspect ratio (diameter/ length, D/L) 6 was calculated using the standard equation for diameter determination: D ¼ C/p.
Axial rigidity F intracavernosal pressure relationship
Axial rigidity assessment was performed at steadystate equilibrium intracavernosal pressure. Absence of penile buckling to an external compressive force of 1 kg at the glans penis for a 5 s interval was arbitrarily defined as presence of axial rigidity and such patients were characterized as functionally potent. 7 For the remaining patients, axial rigidity testing was repeated at higher values and at 10 mmHg intracavernosal pressure intervals, using a methodology previously described. 1, 7 Briefly, intracavernosal pressure was adjusted by heparinized saline infusion and maintained by the pressure feedback infusion cavernosometric pump to values of 30, 40, 50, 60, etc mmHg, depending upon the steady-state equilibrium intracavernosal pressure, until axial rigidity was obtained. Using the above methodology, it was possible to identify the intracavernosal pressure at which rigidity occurred (ICP rig ) for each patient. The pressure gradient (DICP) between the intracavernosal pressure associated with rigidity (ICP rig ) and the equilibrium intracavernosal pressure (ICP eq ) was then calculated (DICP ¼ IC Prig ÀICP eq ). This gradient was termed axial rigidity gradient (ARG ¼ DICP), as it expresses the intracavernosal pressure increase necessary to achieve rigidity and therefore potency. 
Penile geometry assessment
Mean values for circumference, length and penile aspect ratio are given in Table 1 . No relation was found between intracavernosal pressure associated with rigidity and penile aspect ratio values. However, when patients were categorized in subgroups according to their intracavernosal pressure associated with rigidity values (10 mmHg intervals), a strong exponential relation was noticed between intracavernosal pressure and mean penile aspect ratio values; as penile aspect ratio values decreased, the intracavernosal pressure associated with rigidity increased (correlation coefficient 0.942, Figure 1 ).
Axial rigidity -intracavernosal pressure relations
In the 83 consecutive patients tested, rigidity occurred at intracavernosal pressures between 50 and 100 mmHg (mean 64.58710.39 mmHg Figure 3) . Therefore, about half (42/83, 50.6%) of the patients had low-to-moderate ARGs (r20 mmHg). Interestingly, five of the patients in the study group (5/83, 6%), all with primary/lifelong-lasting ED, ARG values less than 20 mmHg and penile aspect ratios less than 0.28, had normal hemodynamic para- Assessment of erectile impairment DG Hatzichristou et al meters (FTM at 150 mmHg r5 ml/min, P decay r45 mmHg and arterial pressure gradients r35 mmHg), clearly demonstrating that unfavorable geometry in these patients was a contributory factor to their ED.
Discussion
Over the past 15 years, the considerable advances in the physiology and pathophysiology of penile erection led to the development of sophisticated diagnostic procedures. 8 Specifically, as vasculogenic insufficiency is the most common cause of organic impotence, hemodynamic testing such as duplex ultrasonography and pharmacocavernosometry, gained wide popularity between researchers and clinicians in the evaluation of both the arterial inflow and the venous outflow. 1, 8 The widespread use of these diagnostic procedures was based on the premise that normal hemodynamic parameters predict normal erectile function and therefore potency. Potency, however, is best characterized by the presence of erections of rigidity sufficient for vaginal penetration and axial rigidity expresses its basic mechanical characteristic. 3, 5 In an effort to express potency based on hemodynamic parameters, intracavernosal pressure has been widely used as a parameter expressing penile rigidity. 9 Several authors however have noticed that the magnitude of intracavernosal pressure associated with rigidity varies widely. 1, 9 It became apparent that there are several contributory factors to penile rigidity.
A recent engineering investigation of penile hemodynamic and structural-dynamic relations was able to determine the three major factors affecting penile rigidity (a) intracavernosal pressure, (b) mechanical properties of the corporal tissue and Patients (%) Figure 3 ARGs in the study sample.
Assessment of erectile impairment DG Hatzichristou et al (c) penile geometry. [4] [5] [6] The authors introduced two new parameters, cavernosal expandability and penile aspect ratio, to assess the mechanical properties of the corpora and penile geometry, respectively. Cavernosal expandability, defined as the ability of the corpora to expand with increasing intracavernosal pressure, is a critical parameter as an erect penis with expandable erectile tissue (normal tissue) has a greater ability to overcome introital resistance (lower values of intracavernosal pressure associated with rigidity), than an erect penis with poorly expandable erectile tissue (fibrotic tissue). Penile aspect ratio, on the other hand, was defined as the D/L ratio and it was found that higher values of D/L ratio, or relatively large diameter and short length penises, are associated with lower values of intracavernosal pressure associated with rigidity. 10 Based on this observation, a conceptual model was proposed, reflective of the pathophysiology of impotence.
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According to this model, impotence may be because of hemodynamic, tissue mechanical or geometric factors or any combination of these factors (Figure 4) . From the clinical point of view, a parameter reflective of the combined effects of the three factors affecting rigidity was more than desirable.
Taking into consideration the above observations, the present study aimed at developing a methodology for the assessment of all factors affecting rigidity and there by potency status. Incorporating pressure/ flow studies and axial rigidity testing during pharmacocavernosometry, it was possible to determine the steady-state equilibrium intracavernosal pressure and the intracavernosal pressure associated with rigidity under controlled conditions of trabecular smooth muscle relaxation, in a group of impotent patients with nonfunctional erectile capabilities. It was found that penile rigidity in the study sample occurred at intracavernosal pressures ranging between 50 and 100 mmHg. Moreover, circumference and length measurements revealed a wide variability of penile aspect ratio values, varying between 0.206 and 0.405. Such wide range of penile aspect ratios reflects the variety of the geometry of the human penis. As penile aspect ratio has been proposed to be one of the determinants of the intracavernosal pressure associated with rigidity (ICP rig ), the relation of the two parameters was tested. A strong exponential relation was found between ICP rig values and mean penile aspect ratio values (Figure 1) , validating the findings of Udelson et al and Moncada et al 12 that higher values of D/L ratio, or relatively large diameter and short length, are associated with lower values of ICP rig . Such relation was not found when data from each patient were used, implying that penile geometry is not the only factor that affects the intracavernosal pressure associated with rigidity. This is in agreement with the findings of the engineering studies that showed the important role of the mechanical properties of the corpora on the ICP rig . Intracavernosal pressure associated with rigidity, therefore, is a critical parameter, as it expresses the combined effect of the mechanical properties and penile geometry. It was therefore postulated that the gradient between the intracavernosal pressure associated with rigidity and the steady-state equilibrium intracavernosal pressure reflects the combined effect of all three factors affecting penile rigidity collectively (Figure 4) . Actually, ARG expresses the intracavernosal pressure increase necessary to achieve axial rigidity and there by potency. Calculating ARGs in the present study, it became possible to distinguish different degrees of functional impairment in a group of impotent patients.
ARG values r20 mmHg were considered indicative of minimal and minimal-to-moderate erectile impairment and 21-30 mmHg as moderate ED. Such values were identified in 71.08% of the patients. Despite the unique characteristics of the study sampleFrelatively younger patients without comorbitiesFthese findings are in agreement with epidemiological data showing that the severely impotent patients represent the group with the lowest prevalence. 12 The observation that five patients (6%) were not able to achieve a functional erection, despite the presence of normal hemodynamic parameters, signifies the important role of penile geometry and tissue mechanical properties in erectile function. Such findings clearly explain the paradox of lack of adequate rigidity in some patients, despite adequate intracavernosal pressure values and sufficient hemodynamic integrity. Taking also into consideration that a functional/rigid erection may coexist with arterial insufficiency and/or corporeal veno-occlu- , it becomes clear that diagnostic procedures for vasculogenic impotence offer valuable information on the hemodynamic integrity, but are inappropriate to characterize potency status, as they cannot differentiate normal from functional erectile capabilities.
Conclusions
Despite the current simplistic diagnostic approach for impotence as a result of the development of multiple effective and safe therapeutic modalities, 8 etiologic treatment remains desirable. The presented methodology offers valuable information not only to characterize objectively and quantitatively the degree of erectile impairment, but also to unmask previously unrecognized factors that contribute to the underlying pathophysiology. The finding that normal hemodynamics may coexist with impaired erectile rigidity clearly demonstrates that diagnosis based on sexual history, or even on hemodynamic testing F especially in young patients with primary-lifelong-lasting ED F may lead to inappropriate and unsuccessful treatment (pharmacotherapy, vascular surgery, psychosexual therapy). It is anticipated that clinical assessment of the factors affecting rigidity, through axial rigidity gradient determination, may lead to the development of new treatment options for impotent men with impaired penile rigidity.
